Abstract: Starch synthase I (SSI) from various sources has been shown to preferentially elongate branch chains of degree of polymerisation (DP) from 6-7 to produce chains of DP 8-12. In the recently determined crystal structure of barley starch synthase I (HvSSI) a so-called surface binding site (SBS) was seen, which was found by mutational analysis to be essential for the activity of HvSSI on glycogen. We now show in binding studies using surface plasmon resonance that HvSSI has no detectable affinity for malto-triose and -tetraose, but clearly binds maltopentaose, -hexaose, -heptaose (M7) and β-cyclodextrin (β-CD) albeit with a measurable KD for only β-CD and M7. Moreover, an HvSSI SBS mutant F538A lost the ability to bind β-CD and maltooligosaccharides. This behaviour suggests that a chain in the α-glucan molecule (amylopectin) that is undergoing extension attaches itself at the SBS and that the active site itself, likely working on a different end chain, has low affinity for both substrate and product.
Introduction
Starch is the most abundant storage polysaccharide in higher plants and is synthesized in the plastids, where it forms insoluble granules of different sizes, shapes and degrees of crystallinity. Cereal starch granules contain two α-1,4 glucans, amylopectin (∼75%) that has about 4% α-1,6 linked branch points and the essentially linear amylose (∼25%) (Pérez & Bertoft 2010; Zeeman et al. 2010) . The amylopectin chains can be divided into four types according to length as defined by the degrees of polymerisation (DP) in the ranges 6-12 (A), 13-24 (B 1 ), 25-36 (B 2 ) and >37 (B 3 ) (Hanashiro et al. 1996; Rolland-Sabaté et al. 2013) .
Several enzymes are involved in the synthesis of starch in higher plants, but the process is far from understood in all detail. Among the enzymes are starch synthases (EC 2.4.1.21) (Jeon et al. 2010; Zeeman et al. 2010) , which are glycosyltransferases belonging to family GT5 in the Carbohydrate Active enZyme database (CAZy) (Cantarel et al. 2009 ; http://www.cazy.org/) that includes bacterial glycogen synthases that use ADP-glucose (ADPGlc). Starch and glycogen synthases belong to GT5 and catalyze the addition of glucose from ADPGlc to the non-reducing end of α-1,4 glucosidically linked chains forming α-1,4 linkages (Zeeman et al. 2010) .
Starch synthases are divided into four types of soluble starch synthases I, II, III and IV (SSI, SSII, SSIII and SSIV, respectively) and the granule-bound starch synthase (GBSS) (Jeon et al. 2010; Zeeman et al. 2010) . GBSS synthesizes amylose and also contributes to the formation of long amylopectin chains (Zeeman et al. 2010) . The four soluble starch synthases synthesize amylopectin chains of different lengths. SSI preferentially forms branch chains of DP of 8-12 from chains of DP 6-7 in length (Commuri & Keeling 2001; Fujita et al. 2006) . SSII catalyzes the formation of chains with DP 13-25 (Umemoto et al. 2002; Zhang et al. 2004 ), while SSIII is specifically active in the synthesis of longer chains of DP > 30 (Fujita et al. 2007; Zhu et al. 2013) . The exact role of SSIV is not fully understood. It is required, however, for the formation of the starch granules and is thought to be involved in the initiation by generation of primer or a "seedling" molecule on which the other starch synthases can act (Roldán et al. 2007;  Barley starch synthase I surface binding site Szydlowski et al. 2009; Crumpton-Taylor et al. 2013) . SSIII may also be involved in the initiation of the starch granule formation (Szydlowski et al. 2009 ).
The three-dimensional structure of barley (Hordeum vulgare) starch synthase I (HvSSI) was solved recently and a so called surface binding site (SBS) occupied by a maltooligosaccharide was located on the C-terminal domain ∼30Å away from the active site (Cuesta-Seijo et al. 2013) . SBSs are binding sites exposed on the surface of catalytic domains in several carbohydrate-active enzymes and function by accommodating carbohydrate ligands outside of the active site region (Cuvers et al. 2011; Cockburn & Svensson 2013) . The electron density, corresponding to maltopentaose (M5) observed at the HvSSI SBS, possibly illustrates the ordered glucose residues from a longer and flexible oligosaccharide or α-glucan chain segment that curls around Phe538 (Fig. 1 ) and forms numerous interactions with other residues in HvSSI (Cuesta- Seijo et al. 2013 ). This architecture is common for SBSs that bind α-1,4 linked d-glucose chains and mutation of the aromatic residues that the α-glucan curls around has resulted in decreases of activity in all cases (Przylas et al. 2000; Robert et al. 2005; Sevcík et al. 2006; Bozonnet et al. 2007; Nielsen et al. 2009; Díaz et al. 2011) . Thus the F358A mutant in HvSSI had four fold lower activity on soluble starch and six-and 12-fold lower activity on oyster and rabbit liver glycogen, respectively, compared to HvSSI wild-type. By contrast, the activity of HvSSI F538A on M5 was only slightly reduced compared to wild-type (Cuesta-Seijo et al. 2013) suggesting the SBS also binds to longer substrates than M5 and that occupation of the SBS does not elicit an allosteric effect similarly to the role suggested for the SBS on glycogen synthase from Pyrococcus abyssi (PaGS) (Díaz et al. 2011) . The HvSSI SBS is conserved in both SSIs and SSIIs at the sequence level (Cuesta-Seijo et al. 2013) .
In the present study the affinity (K D ) of HvSSI wild-type and the F538A SBS mutant for a series of maltooligosaccharides (MOS) of DP 3-7 and β-cyclodextrin (β-CD) was determined using the surface plasmon resonance (SPR) technique. Remarkably, as previously reported in the case of glycogen synthase (Baskaran et al. 2011; Díaz et al. 2011) , the SBS in HvSSI was found to have much higher affinity for the substrates as compared to the active site.
Material and methods

Protein production
HvSSI wild-type and HvSSI F538A were produced as described by Cuesta-Seijo et al. (2013) .
Surface plasmon resonance
The KD for β-CD, maltotriose (M3), -tetraose (M4), -pentaose (M5), -hexaose (M6) and -heptaose (M7) (SigmaAldrich) was determined by SPR analysis (BIAcore T100, GE Healthcare). β-CD ranged from 50 µM to 3 mM and MOSs from 25 µM to 2 mM. CM5 sensor chips (GE Healthcare) were charged with 7900-13000 resonance units (RU) of HvSSI wild-type and HvSSI F538A, which had been bufferexchanged into 10 mM NaOAc (pH 5) prior to the immobilization.
Sensorgrams (RU vs. time) were recorded at 25
• C in running buffer (10 mM HEPES, 150 mM NaCl, 2 mM DTT, 0.005% surfactant P20, pH 7.5) using a flow rate of 30 µL/min, 90 s contact time followed by dissociation for 120 s in running buffer and baseline-corrected by subtracting data from a parallel flow cell with no enzyme. KD was calculated by steady state affinity fitting using the BIAcore T100 evaluation 2.0.3 software (GE Healthcare) as follows:
where R represents the resonance units (RU), [β-CD] the β-CD concentration, and Rmax the maximum binding capacity in RU. The stoichiometry was calculated using the following equation:
where R immobilized protein is the protein immobilized in RU. Analyses were conducted in triplicate.
Results and discussion
SSI has been shown to preferentially elongate amylopectin chains of DP 6-7 ( 
Fujita et al. 2006
). This corresponds very well with the binding specificity results forHvSSI showing no detected binding of M3 and M4 (data not shown). The data for M5 were difficult to interpret as binding was detected, but after the 120 s dissociation step the RU value had not returned to baseline (data not shown), i.e. at 2 mM M5 about 65% remained bound and further dissociation was not observed. This indicates HvSSI interacts with M5, but is unable to release it again under the experimental conditions. We do not have an explanation for this behaviour. The M6 is bound to HvSSI and is released (data not shown), but it was not possible to calculate a meaningful K D from the data. However, K D values were found for M7 and β-CD to be 1.99 ± 0.10 ( Fig. 2A,B ) and 0.94 ± 0.07 mM (Fig. 2C,D) , respectively. SBSs have gained increasing attention over the past 5-10 years, but despite their discovery almost 50 years ago characterisation of SBS still lags behind (Cockburn & Svensson 2013) . It has become evident that SBSs are as important as carbohydrate binding modules for enzyme function (Cuyvers et al. 2011; Cockburn & Svensson 2013) . The SBS of HvSSI has also been shown to be crucial for synthesis of α-1,4 linked glucose polymers as the SBS mutant HvSSI F538A has four-fold lower activity on soluble starch and six-and 12-fold lower activity on oyster and rabbit liver glycogen, respectively, than the HvSSI wild-type (CuestaSeijo et al. 2013).
We were not able to detect binding of M7 and β-CD to the HvSSI F538A SBS mutant, which supports that the SBS is a high affinity binding site compared to the active site. This is equivalent to the observation for PaGS, which lost the ability to bind onto glycogen in a co-sedimentation experiment when an aromatic residue (Tyr174) was mutated to alanine (Díaz et al. 2011) . The architectures of the SBSs in PaGS and HvSSI are very similar suggesting that these sites share a common function. Remarkably, however, the SBS in PaGS and HvSSI is located on the N-and the C-terminal domains, respectively (Díaz et al. 2011; Cuesta-Seijo et al. 2013 ).
In the case of glycogen synthase, the substrate and product are essentially the same, which poses a problem if the affinity is high in the active site area. A modest affinity may avoid that the product remains and blocks the active site, while the macromolecule undergoing ex-tension is still bound to the enzyme at the SBS, which moreover would facilitate a processive reaction on the growing chain (Baskaran et al. 2011; Díaz et al. 2011) . The stoichiometry of the wild-type HvSSI with β-CD and M7 binding was 0.63 and 0.19, respectively, suggesting that the interaction takes place at only one site. Since the SBS HvSSI mutant F538A has lost the ability to bind M7 and β-CD it supports that strong binding of the substrate is associated with the SBS, while the active site has lower affinity.
